We have serially followed the function of intrahepatic canine islet autografts in 15 beagle dogs for up to 24 mo. Of these, only 20% sustained normal levels of fasting blood glucose for >15 mo posttransplant. Failure of autograft function was accompanied by a preferential loss of well-granulated beta cells in the engrafted islets. The chronic stimulation of an initially marginal intrahepatic beta-cell mass ultimately resulted in metabolic deterioration and loss of beta cells below the minimal threshold required to maintain normal fasting blood glucose levels. It is possible that transplantation of a larger mass of islets would result in indefinite graft function in dogs. However, it remains to be demonstrated in larger mammals, including humans, whether an islet cell mass that is initially adequate in a heterotopic site such as the liver can remain functionally competent over a prolonged period.
Introduction
Reversal of diabetes by islet transplantation has been achieved consistently in rodents in many laboratories. The demonstration of satisfactory long-term function of islet autografts in a few rodents for periods up to 12 mo after hepatic implantation (1) has provided some support for the notion that isolated islets transplanted to heterotopic sites might effect normalization of metabolism in other insulin-deficient mammals, including humans with type I (insulin-dependent) diabetes mellitus. Moreover, the successful evolution of several strategies to reduce islet immunogenicity and promote survival of islet allografts in the absence of immunosuppression, although also studied only in rodents, has led to widespread speculation that islet transplantation might become feasible in patients with insulin-dependent diabetes.
However, no long-term studies ofthe function ofintrahepatic islet transplants in larger mammals have been published to date, due to the lack of reliable techniques for isolating large numbers ofpurified islets from one pancreas. In inbred strains ofrodents, this problem is easily overcome, since islets from more than one donor pancreas can be retrieved and implanted in the liver of syngeneic recipients. The absence of inbred strains in higher mammals precludes such a simple approach to experimental design.
sacrificing purity, and independently devised techniques to separate a large number of islets in small fragments or clumps of pancreatic tissue that are more or less contaminated with cells ofthe exocrine pancreas. Numerous studies have been conducted using such preparations of islets in dogs after either direct injections of the splenic pulp (2, [4] [5] [6] [7] [8] or after retrograde reflux into splenic venous tributaries (9, 10) . Although there have been a few citations (7) (8) (9) of long-term functional survival of islet autografts prepared by these techniques, continuing islet autograft function has not yet been studied in detail. Also, islet preparations by these techniques have not usually been transplanted into the portal venous system due to the threat of inducing portal hypertension or other complications associated with exocrine secretions (1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
The current study was first undertaken to devise a procedure to isolate large numbers of canine islets in sufficient purity to allow safe intrahepatic transplantation via the portal vein. Upon achieving this goal, we have continued to follow the survival of these intrahepatic canine islet autografts over a 2-yr period.
Methods
Adult beagle dogs of both sexes (6-11-mo-old; mean age, 7±0.4 mo) weighing from 9 to 12 kg (Marshall Research Animals, Inc., North Rose, NY) were anesthetized with intravenous sodium pentothal (Abbott Laboratories, Irving, TX) and fentanyl (Pitman-Moore, Inc., Washington Crossing, NJ). At laparotomy, total pancreatectomy was performed with preservation ofthe duodenum and its vasculature (14) . Islets were isolated under sterile conditions by the method described below and were cultured overnight.
Islet isolation COLLAGENASE DISTENTION AND DIGESTION. At laparotomy, the veins and ducts of the right and left limbs are isolated and cannulated with 20-gauge to 25-gauge stainless steel stub adapters (Becton-Dickinson & Co., Oxnard, CA). The artery is clamped, and freshly prepared enzyme solution, consisting of2.5-4.0 mg/ml collagenase (type V; Sigma Chemical Co., St. Louis, MO), and 300 ,g/ml DNAse (Sigma Chemical Co.)
in cold (4°C) tissue culture Medium 199 (Gibco, Grand Island, NY) supplemented with 1 X antibiotic-antimycotic mixture (Gibco) (tissue culture medium-199 ) is slowly injected into the veins. Usually, 20-30 ml are injected in the left limb and 10-20 ml are injected in the right limb. The visual endpoint for termination of distention is evidence of disruption of the pancreatic tissue. After distention, the limbs are excised and placed in a sterile 1-liter beaker, and an additional 30 ml of enzyme solution is added to the beaker to completely cover the tissue. The body of the pancreas is distended only through the cannulated duct to preserve the donor's duodenum and its vasculature. The body is weighed and 1 ml of the enzyme solution (described above) per gram of tissue is used to distend the body.
The body and limbs are incubated in a shaking water bath (65-70 oscillations per minute) for 14 min at 37°C. The tissue is then chilled and the enzyme is diluted by the addition of 100 ml cold TCM-199. CS). Each stub adapter is grasped using long forceps and gently and repeatedly agitated to detach any adherent pancreatic tissue. The ducts and vessels and any remaining undigested pancreatic tissue are discarded at this point. A 14-gauge stainless steel cannula attached to a 30-ml syringe is used to transfer equal aliquots of the tissue into 50-ml conical centrifuge tubes. -6 ml sedimented tissue is added to each tube and the volume is brought up to 50 ml with cold TCM-199/10% CS. The tubes are centrifuged for 7 min at 50 g; the supernatant is aspirated off and replaced with TCM-199/O0% CS for two additional wash steps.
MECHANICAL DISPERSION. Cold TCM-199/10o CS (5-6 times the packed tissue volume) is added to each pellet. With a 14-gauge cannula attached to a 30-ml syringe, the tissue is gently resuspended and aspirated up and down through the cannula three times. The aspiration is repeated through an 18-gauge needle three times at a flow rate of -30 ml per min, and through a 20-gauge needle one to three times at a flow rate of '20 ml/min. The tissue is washed three times by centrifugation for 7 min at 40g. The last wash is performed with TCM-199 (without serum).
Mechanical disruption of the pancreatic tissue is monitored after each step by bright-field microscopy. A drop of the suspension is placed on a microscope slide and covered with a 24 X 50-mm coverslip. The endpoint of these treatments is when the largest masses of tissue have been reduced in size to 1-1.5 mm in diameter (measured with a stage or ocular micrometer) and when nearly all of the trapped islets are free of their exocrine mantles.
DISCONTINUOUS FICOLL GRADIENTS. The digested material is then separated utilizing discontinuous Ficoll gradients. 2-3 ml packed tissue is used for each gradient. 13 ml of 5 X TCM 199 are added to 50 ml of Ficoll-400 DL (Sigma Chemical Co.) stock solution in water (density, 1.125) in a 150-ml siliconized centrifuge bottle to form the Ficoll bottom. Each 2-3 ml packed tissue is then suspended in 12 ml TCM-199 and added to each Ficoll bottom and mixed thoroughly by stirring with a pasteur pipette. Discontinuous gradients are formed by layering 15 ml each of Ficoll-TCM-199 at densities of 1.085, 1.075, and 1.045, over the tissue suspension.
The Ficoll gradients are centrifuged at 450 g for 25 min at 22°C.
Islets from each interface are aspirated with a 14-gauge cannula and washed three times in TCM-199 by centrifugation at 150, 75, and 50 g successively, for 10 min each.
We obtain three distinct layers: (a) at the 1. Metabolic studies Fasting blood glucose concentrations (FBG) were initially measured daily and then weekly in the transplanted and control diabetic animals using a glucose oxidase method (glucose analyzer, Beckman Instruments, Inc., Fullerton, CA). Serum blood urea nitrogen (BUN), creatinine, albumin, cholesterol, triglyceride, liver enzymes, and complete blood counts were measured weekly. Animals were weighed weekly. Intravenous glucose tolerance tests (IVGTT) were performed serially at 2, 4, 6, 9, and 12 mo after transplantation, after an overnight fast. Glucose was infused i.v. over 1-2 min (0.5 g/kg body wt). Plasma glucose, immunoreactive insulin (16) , and C-peptide (17) were measured just before and at 5, 10, 15, 20, 30, and 60 min after the glucose infusion. Interassay and intraassay variation for both insulin and C-peptide determinations was 5%. Monocomponent porcine insulin and purified canine C-peptide were used as standards in the insulin and C-peptide assays, respectively. K values (decline in glucose level, percent per minute) were calculated according to standard methods (18) and compared with agematched control animals. Results are presented as mean±standard error and analyzed using Student's t test. In conducting the research reported in this communication, the investigators adhered to the Guide for Laboratory Animal Facilities and Care ofthe Institute ofLaboratory Animal Resources, National Academy of Sciences, National Council.
Morphologic studies Open liver biopsies of randomly selected sites were obtained from dogs with normal FBG 4-6 mo after intraportal islet autografts and from hyperglycemic dogs (FBG > 250 mg/dl) 2-9 wk after intraportal islet autograft failure. Control liver biopsies were taken from normal, untreated dogs and from dogs with normal FBG more than 4 yr after vascularized segmental pancreas autografts. The biopsies were fixed in 10% neutral buffered formalin for 6 h, and then dehydrated and embedded in paraffin by routine histologic methods. Each entire biopsy was sectioned serially (5-Aem sections), and insulin and glucagon were localized immunocytochemically at 100-,um intervals (every 20 sections) by the peroxidase-antiperoxidase method ofSternberger (19) with a PAP Kit (Dako Corp., Santa Barbara, CA). Somatostatin was localized immunocytochemically in selected sections by the same method, and additional sections were also stained by the periodic acid-Schiff (PAS) method for glycogen identification (20).
Results
Islet isolation. Venous distention of the right and left limbs of the pancreas with collagenase is used to achieve intralobular disruption (21) , as has been previously demonstrated. At the same time, it results in the diffusion of collagenase throughout the pancreas. The body of the pancreas is, however, distended initially through the duct to preserve the duodenal vasculature and thereby not kill the donor, so that the same dog can subsequently be used as a graft recipient. EGTA/hypertonic sucrose is then infiused through the duct to disrupt intercellular junctional complexes (22, 23 ) between exocrine cells. This step greatly facilitates the subsequent penetration of additional ductally infused collagenase into the interstitium, which improves the release of islets buried within the exocrine tissue.
After the final collagenase digestion, the ductal and vascular network are easily separated from the rest ofthe pancreatic tissue. The majority of islets present in a properly digested gland can then be liberated from the surrounding exocrine tissue by gentle mechanical aspiration of the remaining loosened tissue through a series of graded needles. The visual endpoints are critical: disruption of fragile islets results from excessively vigorous aspirations, and islets will remain trapped in acinar cell clumps that pellet with the majority of exocrine cells on Ficoll gradients if the mechanical disruption is too gentle.
Representative recoveries of total cells from the Ficoll interfaces and the proportion represented by endocrine cells, as assessed by electron microscopy, are depicted in Table I . Based Top 30+4 X 106 (n = 9) 46-71 (n = 2) Middle 45±12 X 106 (n = 9) 26-51 (n = 2) Bottom 283±89 X 106 (n = 10) 3-6 (n = 2)
The majority of endocrine cells are recovered in the top and middle fractions. The bottom Ficoll layer is heavily contaminated with acinar cells. However, considering the total number of cells in this layer, the absolute number of endocrine cells is substantial. * Assessed by electron microscopy.
on the mean estimate of 3% ofthe pre-Ficoll fraction comprising endocrine cells, the ultimate recovery ofendocrine cells is =-20-50%. The majority of endocrine cells are recovered in the top and middle fractions. The bottom interface ofthe Ficoll is usually heavily contaminated with acinar cells so that endocrine cells compose only 3-6% of the cells in this layer. However, considering the total number of cells in this layer, the absolute number of endocrine cells is substantial. We have found that the actual extent of acinar contamination in this interface depends, in part, on the particular lot ofcollagenase used. Accordingly, a protocol had to be developed to cleanly separate and retrieve these endocrine cells. We attempted to develop a cytotoxicity protocol using monoclonal antibodies against canine acinar cells in the presence of complement (24) . However, while establishing the conditions for the cytotoxicity assay, we found that canine acinar cells were susceptible to lysis by complement alone. Fig. 1 A illustrates the typical appearance of a pooled preparation of canine islets recovered from the Ficoll interfaces and treated with rabbit complement. The islets vary considerably in size and shape and exhibit irregular margins defined by discrete, individual cell surfaces. Some of the islet masses appear to be small fragments of whole islets. Acinar cell contamination is barely evident; most of these cells will be lost during the 15-hr culture period before implantation. Fig. 1 B shows, for comparison, a representative pooled preparation of rat islets that were purified by Ficoll gradient centrifigation. The rat pancreases were digested after ductal instillation of collagenase by a procedure similar to that described for the canine pancreas, except that the EGTA/hypertonic sucrose and complement treatment steps were omitted. Similar to canine islets, the rat islets vary considerably in size and shape. However, in contrast to canine islets, rat islets appear uniformly as compact, smoothly circumscribed masses of cells.
Pooled preparations of canine islets destined for transplantation were dispersed into single-cell preparations for population analysis by electron microscopy (five representative experiments are depicted in Table II ). These analyses show that the islet preparations comprise 60-84% endocrine cells, 11-23% endothelial, ductal, and unidentified cell-types, and usually <10% acinar cells. The mean endocrine cell number isolated from a single donor pancreas was 57±6 X 106 cells (n = 22). Since the number of endocrine cells per islet varies in relation to islet size, the number of islets corresponding to endocrine cells counted in each instance is not precisely known. However, medium-sized islets, selected visually and dispersed, average 2,050±310 cells per islet (n = 6), 1  506  84  5  1 1  2  307  78  7  15  3  264  83  3  14  4  713  60  22  18  5  609  73  4  23 Representative ultrastructural analyses of islet preparations destined for transplantation. Aliquots of each islet cell suspension were dispersed into single cells with trypsin-EGTA and the cell types were identified and counted by electron microscopy. The final preparations before transplantation are highly enriched for endocrine cells (60-84% compared with 1-3% in the starting material) by selective removal of the bulk of the exocrine pancreas (acinar cells, ducts, and blood vessels).
enteric vein (Fig. 2 A) , and two of two animals administered islets by transhepatic catherization of the portal vein (Fig. 2 B) .
In one of the latter, return of the blood glucose level to normal was delayed. Fig. 3 depicts the relationship between the number of endocrine cells that were deposited in the liver and blood glucose response. In six transplants we did not assess the implant by electron microscopy. Fig. 3 shows that reversal of diabetes, defined as normal fasting blood glucose 2-4 d posttransplant, requires at least 43 X 106 pancreatic endocrine cells. In seven experiments earlier in the series, the yield ofislet endocrine cells was <40 X 106 and therefore was insufficient to return the fasting Figure 1 . (a) Bright-field photomicrograph of living, whole-mounted canine islets isolated after our procedure. These preparations are highly enriched for endocrine cells. There is a wide variability in islet size and shape. The islets exhibit irregular margins defined by discrete, individual cell surfaces (arrows). X 90. (b) Bright-field photomicrograph of living, whole-mounted isolated rat islets. There is variability in islet size and shape in rat islet preparations also, but the islets appear compact and have more smoothly circumscribed margins than do isolated canine islets. X 90.
allowing a rough estimate of 30,000 islets obtained from a single pancreas.
Islet transplantation. Highly purified canine islets isolated by the procedure we have described were autotransplanted into the livers of 24 pancreatectomized beagle dogs. The islet preparations, comprising less than 1.5 ml packed cell volumes suspended in 30 ml TCM-199, were delivered by either gravity drainage through a branch of the superior mesenteric vein (n = 22) or after transhepatic catherization ofthe portal vein under fluoroscopic guidance (n = 2) (Fig. 2, A blood glucose levels to normal. Fig. 3 (25) . All animals maintained steady weights and had normal serum levels of albumin, total protein, and creatinine. Serum cholesterol, high density lipoprotein (HDL)-cholesterol, and triglycerides were in the low normal range compared with age-matched normal controls.
15 successful islet cell autografts have been serially studied for periods up to 24 mo. Of the 15 successful autotransplants, four demonstrated a return of hyperglycemia (FBG > 250 mg/ di) at 4-5 mo; 2 at 7-9 mo; and 6 at 1 1-15 mo. The spontaneous rate of functional failure of autografts in time is depicted in Fig.  4 . Three animals (20%) retain autografts that are able to sustain a normal level of fasting blood glucose 16 to 24 mo after transplantation. Whereas apancreatic beagle dogs in the absence of insulin therapy survive for a mean of 6.6±1.0 (n = 9) d after pancreatectomy, animals with islet autografts that can not sustain a normal level of fasting blood glucose (FBG > 250 mg/dl) survive without insulin therapy for at least 30 d, at which time the study is usually terminated.
Glucose disappearance curves of fasting euglycemic normal and transplanted dogs are shown at 2, 6, 9, and 12 mo posttransplant in Fig. 5 . Glucose disappearance curves of transplanted animals with normal fasting blood glucose levels are statistically different from normal at 15, 20, and 30 min after the administration of intravenous glucose (P < 0.05; except the 15-min sample 2 mo posttransplant, which is not statistically different from normal). As shown in Table III (Table III) at 2 (9,560±547), 4 (9,313±558), 9 (9,215±562), and 12 mo (10,864±554) are statistically different from normal (7,561±439; P < 0.05). C-peptide responses during IVGTT at 6 mo after successful islet autografts, after the reappearance of hyperglycemia in failing than in control animals (P < 0.01, except for the fasting Cpeptide 6 mo posttransplant) but significantly higher than failing islet autografts (P < 0.05).
The plasma immunoreactive insulin (IRI) responses to intravenous glucose are depicted in Fig. 7 . With functioning islet autografts, the overall pattern of response revealed a significantly diminished initial response (at 5 and 10 min after intravenous glucose, P < 0.05 except for the 10-min point 12 mo posttransplant) and augmentation of the late IRI responses (at 30 min) are evident particularly in the studies at 9 and 12 mo posttransplantation (P < 0.05). Consequently, the area under the insulin response curves in islet autografted animals is increased, compared with normals, because of the weight given to the 15-60 min time points in these calculations. Morphologic studies. Liver biopsies from six dogs with normal FBG 4-6 mo after intraportal islet autografts were compared with biopsies taken from the same dogs 2-9 wk after their grafts failed. Both groups of biopsies were sectioned serially and islet hormones were localized immunocytochemically in sections selected at 100-gm intervals. When islets were identified (Fig. 8,   A and B) in liver biopsies ofanimals with normal fasting glucose levels, well-granulated beta cells were found in portal or intralobular sites either (a) within circumscribed islets (Fig. 8 A) or (b) within partially dispersed islets (Fig. 8 B) or as isolated cells intercalated between hepatocytes (Fig. 8 B) . Nearly all islet endocrine cells occurred as loose aggregates of 10-20 cells in the plane ofsection and were associated with portal triads. The largest nests of cells contained about 100 cells in the plane of section, and a few single cells were also detected, some of which were located subjacent to sinusoids near portal triads.
In the biopsies taken before graft failure, 84% (38/45) of the nests of islet cells contained granulated beta cells, compared with only 5% (9/168) in biopsies taken postfailure. In contrast, alpha cells were detected in prefailure and postfailure biopsies in 73 and 99% of nests of islet cells, respectively. This apparent increase in detectable alpha cells postfailure reflects a selection bias since most nests of islet cells could be identified unequivocally only if they contained detectable glucagon.
Of the rare beta cells detected in the postfailure biopsies, most exhibited marked degenerative changes (Fig. 8 C) . Some cells had reduced cytoplasmic volumes and small, hyperchromatic nuclei, whereas others appeared hydropic with only a peripheral rim of granulated cytoplasm and eccentric, hyperchromatic nuclei. We were unable to histochemically demonstrate the presence of glycogen in any of these cells, although it is possible that our fixation conditions failed to preserve it (26) . Only a minority of cells in the postfailure biopsies exhibited degenerative changes. Similarly, sections in which we localized somatostatin revealed the presence of an essentially normal, though sparse, population of delta cells.
No significant differences were observed in hepatic pathology between dogs with intraportal islet autogafts vs. untreated, normal dogs or dogs with vascularized segmental pancreatic autografts. Portal areas in many animals ofall three groups exhibited inflammation ranging in degree from mild to severe, and characterized by lymphocytic infiltration with a few histiocytes and plasma cells, and some fibrosis. In addition, all dogs that had been pancreatectomized (i.e., both groups of autografted dogs), but none ofthe normal, untreated dogs, had diffuse centrilobular inflammation characterized by sclerosis of the central vein and perivascular infiltration of lymphocytes and plasma cells.
Discussion
The present studies represent an attempt to serially study the viability and functional capacity of intrahepatic pancreatic islet autografts in a large animal. To achieve this goal, we first needed to develop a procedure to isolate islets from the canine pancreas so that a single donor pancreas could be used to effect reversal of hyperglycemia induced by pancreatectomy. Moreover, the islets had to be sufficiently pure to allow their infusion into the portal vein without the complications that occasionally arise when impure islets are transplanted into the liver. (l 1-13) .
The canine islet preparations obtained by the new method we developed were enriched at least 20-to 28-fold for islet endocrine cells, usually contained <10% acinar cells (Table II) , and comprised <1.5 ml packed cell volume. The nature of these In the present study C-peptide and insulin responses to intravenous glucose were serially and simultaneously measured in order to assess beta-cell secretory activity of intrahepatic islets as a function oftime. C-peptide responses to intravenous glucose were quantitated with a specific anti-canine C-peptide antibody in a radioimmunoassay that has been well characterized (17) . Since C-peptide is metabolized predominantly by the kidneys, the measurement can be used to more directly assess beta-cell secretory activity in the presence of alterations in hepatic clearance of insulin. We observed an apparent disparity between plasma insulin and C-peptide responses to intravenous glucose in successful intrahepatic islet autografted animals. The C-peptide (both peak and overall area under the C-peptide response curve) responses were diminished by -40-50%, whereas peak insulin (5' and 10') responses were 60-70% of normal, and the overall insulin response (area under insulin response curve) was actually greater than normal. Griffith et al. (30) had shown that in intraportally transplanted rats, some endocrine cells appeared juxtaposed to hepatocytes distant from the portal triad. Similarly, we observed that intrahepatic canine beta cells can be found within hepatic cords along distal sinusoids (Fig. 8 B) , so that some insulin is likely to be released directly into the systemic circulation. Whether the explanation for the difference in insulin/ C-peptide molar ratio is due to altered metabolism of insulin, or is the nature of the hormone products released from the heterotopic islets (insulin/C-peptide molar ratio) or both, must await the results ofstudies specifically designed to address these issues.
Neither index of beta-cell function was useful in predicting subsequent failure of the autograft to sustain a normal level of fasting blood glucose. Failure of autograft function (FBS > 250 mg/dl) was common (Fig. 3) and generally unpredictable, although it was associated with steady decline in glucose disappearance rates from 6 to 12 mo (Table III, K = 2.9±0.5 vs. 1.4±0.3, 6 and 12 mo, respectively, P < 0.05).
The failure ofinitially successful intrahepatic islet autografts to permanently sustain fasting euglycemia in the majority of these animals was associated with a striking preferential loss of granulated beta cells. Granulated alpha and delta cells persisted in hyperglycemic dogs, although some alpha cells exhibited hydropic changes.
We have considered the concept that chronic stimulation of an initially marginal intrahepatic beta-cell mass could initiate self-perpetuating and progressive metabolic deterioration and loss of beta cells (31) (32) (33) that culminates in fiank hyperglycemia. A similar notion has been advanced to explain defects in glucoseinduced insulin release in partially pancreatectomized rats (34) , in patients with non-insulin-dependent diabetes mellitus associated with reduced pancreatic beta-cell mass (35) , and in the prediabetic phase associated with progressive beta-cell loss in patients with insulin-dependent diabetes mellitus (36) . Consistent with this speculation, we observed that the area under the glucose tolerance curve increased steadily 6 mo after islet transplantation. Thus, we surmised that the mean diurnal-nocturnal blood glucose levels related to ordinary feeding would also be elevated in the transplanted animals with failing islet autografts. We did not, however, observe in the transplanted animals, as a group, a significant fall in either glucose-stimulated insulin or C-peptide release. The hypothesis that blends hyperglycemia as both an inducer and consequence of impaired islet cell function would predict that significant step-wise decreases in beta-cell response to glucose would be found (35) . Nonetheless, we attempted to assess whether insulin therapy in animals with failing intrahepatic islet autografts ( (Fig. 8 B) , as were also shown in previously published elegant morphologic studies of intrahepatic islet isografts in rodents (1, 30, 37) 3 mo after implantation. Fresh preparations of isolated canine islets might be particularly prone to this phenomenon because ofthe apparent loose adherence ofthe surface islet cells to each other. The impact of this type of dispersion of islet cells on long-term function is unknown, but clearly represents a disruption of the normal compartmentalization of the islet (38) .
It is likely also that a profound change that could affect structure and function of islets takes place in islet blood flowpressure relationships. The arrangement of the microvasculature in rodent islets provides for low resistance flow (39) , but this may not be the case in intrahepatic islets that receive blood from both hepatic artery and portal venous systems (30) .
Regardless of the cause of functional beta-cell loss from the intrahepatic islet-cell pool, replenishment by replication is clearly inadequate to avert late functional failure of islet autografts. Since the size of the proliferating compartment seems to be the major factor limiting the regenerative capacity of islets (40), it is possible that this compartment is, for some reason, functionally restricted in the transplantation setting. This could be related to the particular breed of dogs we used, since beta-cell replicative capacity can be strongly influenced by genetic factors, at least in rodents (41) (42) (43) . Also, subtle nutritional deficits that result from pancreatectomy could impact on replicative responses of endocrine cells; uncompromised intrahepatic rodent islets have usually been studied in streptozotocin-treated rats (1, 30, 37, 44, 45) , in which the function of the exocrine pancreas persists. It is also possible that the replicative capacity of beta cells is influenced by their heterotopic placement of islets in the liver. Again, Griffith et al. (30) did show that an occasional beta cell can replicate in the liver, but the extent of this capability in the liver is so far undefined. We have also considered whether the autografted dogs may have experienced graft failure due to increased demands for beta-cell function after growth and maturation. However, beagles attain their adult weights before puberty, which occurs at 7-8 mo of age in males and at 9-14 mo in females (46) , and the time of transplant coincided with puberty in nearly all of our dogs. Indeed, all of their weights remained stable posttransplant and, furthermore, the three dogs whose autografts functioned the longest were two males transplanted at 6 and 7 mo of age, and one female transplanted at 6 mo of age. These results fail to support a growth-related or maturationrelated explanation for the failure of islet autograft functions we have observed.
The results of the present study may have important implications in defining the proper role for islet transplantation as therapy for human insulin-dependent diabetes. At present, only 20% of the original islet autografts continue to function adequately for more than 16 mo after intrahepatic transplantation. By contrast, we are continuing to follow a series (n = 6) of pancreatectomized beagle dogs (25) who had left limb free-draining vascularized segmental pancreatic autografts (comprising about one-third of the pancreas) established over 5 yr ago. These grafts were able to sustain euglycemia without insulin therapy for this period. The C-peptide secretory response of intrahepatic islet autografts 6 mo after engraftment was comparable to that of vascularized segmental pancreatic autografts 4 yr after transplantation (Fig. 6) . However, 8 of 10 islet autografts failed within months of this assessment, implicating a negative influence of either the islet preparation or transplant site (or both) on longterm islet autograft survival. However, until the mechanisms responsible for late failure ofcanine islet autografts are unraveled, or until these studies are shown to apply to other higher mammals, after intrahepatic transplantation ofa larger islet cell mass, it would be premature to conclude that ifitrahepatic islet grafts in general will have limited long-term functional capacity.
